BACKGROUND The mitochondrial unfolded protein response (UPR
flies (9) , and mammalian cells (10) , and has been associated with potential cytoprotective roles in diverse models of stress (4, 11, 12) . However, the role of the UPR mt in the heart is unclear. Here, we identify the induction of the UPR mt in cardiomyocytes subjected to neurohumoral or mitochondrial stress and in the hemodynamically overloaded murine and human heart. We show that pharmacological enhancement of UPR mt with small-molecule agents ameliorates mitochondrial and contractile dysfunction in the overloaded murine heart, and in patients with aortic stenosis, elevated levels of UPR mt indexes correlate with reduced plasma biomarkers of cardiac damage and dysfunction. The UPR mt , therefore, has an important homeostatic role in the pathologically stressed mammalian heart and may be a potential therapeutic target in heart failure.
METHODS
Detailed methods appear in the Online Appendix. Smyrnias et al.
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The UPR mt in Cardiac Stress Iso ¼ isoproterenol; NR ¼ nicotinamide riboside; other abbreviations as in Figure 1 .
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variance (ANOVA), 2-way ANOVA, or repeated measures ANOVA as appropriate, followed by Bonferroni post-hoc testing. A p value <0.05 was considered significant. Smyrnias et al.
RESULTS

UPR
The UPR mt in Cardiac Stress range to that reported previously in other systems (10,13) (Online Figure 1A) .
To assess whether UPR mt induction in cardiomyocytes occurs as a process distinct from the endoplasmic reticulum unfolded protein response (ER stress) or cytosolic stress responses, we assessed the protein levels of KDEL sequence-containing markers of ER stress (i.e., calreticulin, Grp78, and Grp79) and mRNA levels of the cytosolic chaperones Hsp70 and Hsp90 under these stress conditions.
Protein levels of KDEL sequence-containing proteins were unaltered in cardiomyocytes treated with isoproterenol, paraquat, or D-OTC overexpression, whereas stimulation with tunicamycin, which induces ER stress, robustly increased the levels of these proteins (Online Figure 1) . mRNA levels of cytosolic Hsp70 and Hsp90 were also largely unaltered by the UPR mt -inducing stress stimuli (Online Figure 1) .
We next investigated whether the UPR mt is activated during in vivo pathological cardiac stress induced by TAC. Analysis of LV tissue 14 days after TAC showed a significant up-regulation in mRNA levels of Atf5, ClpP, and LonP1, whereas levels of CHOP, mtDNAj, and Hsp10/60 remained unaltered ( Figure 1F ). TAC resulted in significant cardiac hypertrophy (heart/body weight ratio 6.32 AE 0.34 vs. Smyrnias et al. boosts the UPR mt (12, (14) (15) (16) . Consistent with these data, treatment of cardiomyocytes with NR
(1 mmol/l for 18 h) significantly increased the mRNA levels of Atf5, CHOP, mtDNAj, ClpP, Lonp1, and Hsp60 (Figure 2A) , whereas cytosolic Hsp70 and Hsp90 levels were not increased (Online Figure 2A) . Likewise, the treatment of cardiomyocytes with the PARP inhibitor olaparib Figure 1 .
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resulted in a significant decrease in mitochondrial maximal respiration, which was markedly improved when the UPR mt was boosted with NR ( Figures 2B and   2C ) or olaparib (Online Figures 2C and 2D ).
Atf5 is reported to be a key transcriptional inducer of the mammalian UPR mt (13, 17) . Indeed, silencing of Atf5 in cardiomyocytes abolished the Iso-induced increase in UPR mt markers (Online Figure 3A) . To confirm that the effects of NR are mediated at least in part through activation of the UPR mt , we silenced Atf5
and then examined the effects of NR on UPR mt markers. The silencing of Atf5 substantially inhibited the NR-mediated increase in UPR mt markers (Online Figure 3B ) and abolished the NR-mediated prevention of Iso-induced decrease in mitochondrial respiration ( Figures 2D and 2E) , strongly supporting the idea that NR is protective by boosting the UPR mt .
We next tested the effects of boosting the UPR We compared a range of parameters of clinical AS severity, hemodynamic state, cardiac structure and function, myocardial histology, and blood biomarkers that were assessed pre-operatively between the 2 subgroups. There was no significant difference between subgroups in age, sex, comorbidities, systemic blood pressure or AS severity, as assessed by the mean transvalvular pressure gradient at echocardiography (Online Table 3 ). Fewer patients had a history of heart failure in subgroup B than A but this was Smyrnias et al.
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Furthermore, patients in subgroup B had significantly lower serum levels of both hs-TnT and N-terminal pro-B-type natriuretic peptide ( Figure 5 ).
Taken together, these data demonstrate that the UPR mt is induced in the human heart subjected to chronic pathological pressure overload and that a high level of activation is associated with reduced cardiomyocyte cell death, which may consequently limit pathological fibrosis and overall pathological cardiac stress. 
of Atf5. We found that the augmentation of the UPR mt led to significant improvement in mitochondrial dysfunction in stressed cardiomyocytes. Importantly, these effects were dependent on Atf5, indicating that they were likely to involve the UPR mt rather than other NAD þ -dependent actions in the cell. To extend these data to the in vivo setting, we tested the effects of NR supplementation in mice subjected to TAC. We found that NR treatment markedly improved mitochondrial respiration, cardiomyocyte survival, and cardiac contractile function. These data provide proof-of-concept that enhancement of the UPR mt in the pathologically stressed heart may have therapeutic potential.
To extend these findings to the human setting, we induced TAC in mouse models (25) . These data identify for the first time an activation of the UPR mt in the pressure-overloaded human heart and suggest that increased activation of the UPR mt may be beneficial.
Activation of the ER stress response has been demonstrated to be an important pathophysiological mechanism in many human diseases (18) Smyrnias et al.
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